In a follow-up to the modest efficacy observed in the RV144 trial, researchers in the HIV vaccine field seek to substantiate and extend the results by evaluating other poxvirus vectors and combinations with DNA and protein vaccines. Earlier clinical trials (EuroVacc trials 01 to 03) evaluated the immunogenicity of HIV-1 clade C GagPolNef and gp120 antigens delivered via the poxviral vector NYVAC. These showed that a vaccination regimen including DNA-C priming prior to a NYVAC-C boost considerably enhanced vaccine-elicited immune responses compared to those with NYVAC-C alone. Moreover, responses were improved by using three as opposed to two DNA-C primes. In the present study, we assessed in nonhuman primates whether such vaccination regimens can be streamlined further by using fewer and accelerated immunizations and employing a novel generation of improved DNA-C and NYVAC-C vaccine candidates designed for higher expression levels and more balanced immune responses. Three different DNA-C prime/NYVAC-C؉ protein boost vaccination regimens were tested in rhesus macaques. All regimens elicited vigorous and well-balanced CD8 ؉ and CD4 ؉ T cell responses that were broad and polyfunctional. Very high IgG binding titers, substantial antibody-dependent cellular cytotoxicity (ADCC), and modest antibody-dependent cell-mediated virus inhibition (ADCVI), but very low neutralization activity, were measured after the final immunizations. Overall, immune responses elicited in all three groups were very similar and of greater magnitude, breadth, and quality than those of earlier EuroVacc vaccines. In conclusion, these findings indicate that vaccination schemes can be simplified by using improved antigens and regimens. This may offer a more practical and affordable means to elicit potentially protective immune responses upon vaccination, especially in resource-constrained settings.
viral loads (1) . However, recent studies of rhesus macaques immunized with a novel cytomegalovirus (CMV) vector indicate the potentially protective role of CD8 ϩ T cells, especially those with an effector memory phenotype (2) (3) (4) . Moreover, given that helper CD4 ϩ T cell responses are important for high-quality B cell responses, a vaccine candidate should likely elicit responses of all kinds-innate, B cell, helper T cell, and CTL-in a balanced manner.
The 31% protection observed in the RV144 Thai trial (5), which used the poxvirus ALVAC expressing Gag, Pro, and gp120-TM for the prime step and AIDSVAX B/E gp120 for the boost step, came as a surprise, as the AIDSVAX vaccine itself lacked efficacy (6, 7) . This finding highlights the potential value of replication-deficient live recombinant viral vectors and heterologous prime-boost regimens to elicit protective immune responses. In particular, priming with DNA-vectored vaccines prior to the application of the viral vector, mostly by employing adenoviruses or poxviruses, has repeatedly been shown to considerably increase cellular and humoral immune responses compared to those obtained with the viral vector alone (8) (9) (10) . In the context of the EuroVacc clinical trials EV01 and EV02 (11, 12) , we tested HIV clade C antigens (GagPolNef and gp120) delivered via the poxvirus New York vaccinia virus (NYVAC), with or without priming with a DNA encoding the same set of antigens. These vectors previously showed promising immunogenicity profiles in preclinical assays and protective efficacy in primates against simian-human immunodeficiency virus SHIV89.6 challenge (13, 14) . The clinical trials demonstrated that the vaccine candidates were safe and well tolerated and that DNA priming dramatically improved the T cell responses elicited by NYVAC. Both the proportion of responders and the number of HIV-specific T cells, as measured by enzymelinked immunosorbent spot (ELISpot) analysis of gamma interferon (IFN-␥)-secreting cells, increased 2-to 4-fold (12, 15) . Other studies have shown even better augmentation (16) . The T cell responses were mainly of the CD4 ϩ phenotype and directed against Env, although a balanced response against all antigens and a balanced ratio of CD4 ϩ and CD8 ϩ responses might be desirable, especially against Gag, as CD8 T cell responses against this antigen are associated with long-term disease control in some patients (17, 18) . Regarding the immunization schedule, a regimen consisting of three DNA primes (at months 0, 1, and 2) plus a single NYVAC boost at month 6 (using the same generation of DNA and NYVAC as those in EV01 and EV02) was superior to one with two DNA primes (at months 0 and 1) followed by two NYVAC boosts (at months 5 and 6) (EV03 study) (19) . Although macaques seem to be more responsive than humans in immunogenicity analyses, the rhesus macaque model at least allows a ranking of the immunogenicities of different vectors (20) . Therefore, despite additional limitations, such as differences in the configuration of major histocompatibility complex class I (MHC-I) loci (21) , monkey trials are instrumental in evaluating the numerous vaccine regimens and help in the design of human clinical trials. Importantly, the cellular immune responses observed in humans in the EV02 study were remarkably similar to those obtained in macaques immunized with the same DNA and NYVAC vaccine candidates and according to the same regimen (22) , which supports the value of the rhesus macaque model.
Researchers in the HIV vaccine field plan to substantiate and extend the results observed in the RV144 trial by evaluating other poxvirus vectors, such as NYVAC, in combination with DNA and protein vaccines. A key question that has to be addressed is how to best schedule the immunizations. This is an especially important issue because complex immunization regimens comprising many immunizations (for instance, 7 in the AIDSVAX trials and 6 in the RV144 trial) are unlikely to be brought to market. Yet simple modifications in the number, timing, or sequence of heterologous vectors can have a major impact on immunogenicity (23, 24) . Such modifications offer a lot of potential, as they can be tested quite easily without again performing safety analyses if the individual components have already been assessed. Therefore, the present study was designed to determine whether an accelerated DNA schedule or fewer DNA injections elicit equally effective priming responses if optimized vaccines are employed. Toward this goal, both the DNA and NYVAC vaccines were redesigned and thus represent a new generation of vaccine candidates with optimized antigens and vectors.
Specifically, the major optimization comprises modified antigens, mainly in regard to the weak Gag-specific responses observed in nonhuman primate (NHP) and clinical studies (EV01 to EV03) (11, 12, 15, 19) . For this purpose, the original GagPolNef antigen, consisting of a 160-kDa fusion protein with modifications introduced for increased safety (i.e., abrogated myristoylation, lack of IN, inactivation of PR, splitting of RT, and scrambling of Nef [25] ), was refined further to allow for efficient production and release of virus-like particles and to better balance the relative expression of Gag and PolNef antigens. For plasmid delivery of these next-generation antigens, Gag and PolNef were split into two DNA vectors in order to reduce the individual plasmid size, thus likely facilitating uptake in vivo. Moreover, a gp140 form was used instead of gp120 to more closely resemble the native trimeric envelope structure (26) and was included in a third DNA vector. Immunogenicity analyses in mice clearly showed superiority of this three-plasmid configuration over the parental EuroVacc vaccines regarding both the magnitude of antigen-specific T cells and the balance toward the different antigens (27) . Improved responses after splitting of a different Gag-Pol-Nef antigen into separate parts were also observed in humans in clinical phase I trials (16, 28) . For the immunological assessment of our next-generation antigens in rhesus macaques, the plasmid backbone was also changed to VRC-8400 (29) from the pORT constructs (30) to further increase expression of the antigens.
For the next generation of recombinant NYVAC vectors, the GagPolNef and Env antigens were inserted into two separate NYVAC vectors (bivalent) rather than a single vector as before (monovalent). For this purpose, the natural ribosomal (Ϫ1) frameshift between Gag and Pol was restored to skew Gag:PolNef expression to approximately 10:1 (31) , and the N-terminal myristoylation signal was reintroduced to enable release of GagPolNef virus-like particles from infected cells. As for the DNA vaccine, gp120 was replaced by gp140 in the second NYVAC vector. In mice, these vectors triggered polyfunctional CD4 ϩ and CD8 ϩ T cell as well as humoral responses to the HIV antigens (32) .
In this investigation, we demonstrate that the new generation of DNA and NYVAC vectors with the novel antigens show increased levels of immunogenicity compared to those of earliergeneration (NYVAC-C old and DNA-C old ) vaccines, as assessed by both qualitative and quantitative endpoints. In addition, we found that by using these novel DNA vaccine candidates, a third DNA prime has no additional benefit for T cell responses and the NYVAC/protein boost can be given earlier, thus making the schedule leaner and more applicable for use in humans.
MATERIALS AND METHODS
Ethics statement. This study was performed with male Indian rhesus macaques (Macaca mulatta mulatta) that were housed, fed, given environmental enrichment, and handled at the animal facility of Advanced BioScience Laboratories (ABL), Inc. (Rockville, MD). The study protocol and primate colony care strictly adhered to the guidance found in the 8th edition of the Guide for the Care and Use of Laboratory Animals (33), as well as the Public Health Services policy on the humane care and use of laboratory animals from the Office of Animal Welfare (part of the U.S. Department of Health and Human Services). These activities were also in full compliance with the regulations found in the Animal Welfare Act (9 CFR 3.81) and enforced by the U.S. Department of Agriculture. The study was approved by the ABL, Inc., Institutional Animal Care and Use Committee (animal use protocol 485). All procedures were carried out under anesthesia (ketamine administered at 10 mg/kg of body weight) by trained personnel under the supervision of veterinary staff, and all efforts were made to ameliorate animal welfare and to minimize animal suffering, in accordance with the recommendations found in the Weatherall report on the use of nonhuman primates (https://royalsociety.org/topics-policy /publications/2006/weatherall-report/). Enrichment and care beyond the specifications in the aforementioned regulations were done according to ABL's Primate Environmental Enrichment Program. During the study, monkeys were observed for general behavior, clinical symptoms, and local reactions at the injection sites twice daily the week after immunizations. When animals were sedated for immunizations or sample collections, body weight and temperature were measured. At selected time points, a physical examination was performed by a veterinarian, and clinical chemistry and hematology parameters were measured. A total of 24 animals were divided into three groups of eight animals each.
Antigens. The Gag sequence was derived from the HIV-1 clade C isolate 96ZM651 (accession no. AF286224). The PolNef sequence was derived from the HIV clade C/B= isolate 97CN54 (accession no. AX149647.1) and consists of p6* (amino acids [aa] 1 to 56) followed by protease (aa 57 to 155; inactivated by the D81N mutation), the N-terminal part of the reverse transcriptase (RT) (aa 156 to 320 and 357 to 360), scrambled Nef (aa 101 to 206 followed by aa 1 to 100), the C-terminal part of RT (aa 361 to 715), and then the middle part of RT (aa 321 to 356). The Gag FS PolNef cassette inserted into NYVAC (see below) contains identical sequences on the amino acid level, though the two reading frames are connected by employing the natural ribosomal frameshift (FS; thus keeping the wild-type codon usage for the region from the slippery site to the stop codon of gag), leading to expression of Gag and GagPolNef, presumably at a ratio of about 10:1 (31). The gp140 sequence was derived from isolate 96ZM651, and it consists of aa 1 to 673, including the autologous signal sequence (incorporation of a strong Kozak initiation site leads to the R2G mutation within the signal sequence), and contains a mutated gp120-gp41 cleavage site (R516S).
All antigen open reading frames (ORFs) were (codon) optimized for human expression by using the GeneOptimizer algorithm (34), supplemented with a strong Kozak initiation site, and synthesized by GeneArt AG (Regensburg, Germany), with suitable restriction sites for insertion into the respective plasmids.
The plasmid VRC-8400 (G. Nabel, Vaccine Research Center, NIAID) was used as the vector backbone of the DNA vaccine. It contains a CMV immediate early enhancer/promoter followed by the R region from human T cell leukemia virus type 1 (HTLV-1) (with splice donor) and the CMV immediate early 3= intron (with splice acceptor), with the antigen ORF inserted via SalI and NotI restriction sites, followed by the BGH polyadenylation sequence. Plasmids were produced in Escherichia coli strain DH5␣ and isolated and purified using a Qiagen EndoFree Plasmid Giga kit according to the manufacturer's instructions. Endotoxin levels were below 40 endotoxin units (EU)/mg.
GagPolNef and gp140 were inserted into NYVAC (35) as described by Perdiguero et al. (32) . Viruses were produced in primary CEF cells and purified by sucrose cushion centrifugation twice. Titers were determined by plaque immunostaining of BSC-40 cells. Recombinant clade C gp120 proteins (isolates TV1 and 1086) were expressed from stably transfected CHO cell lines, purified, and characterized as previously described (36) .
Vaccines and immunizations. The DNA vaccine consists of a 1:1:1 mixture, by weight, of VRC-8400-Gag, VRC-8400-PolNef, and VRC-8400-gp140 at 2 mg/ml in phosphate-buffered saline (PBS). Two milliliters was injected intramuscularly into the upper left and upper right legs (1 ml per site). The NYVAC vaccine consists of a 1:1 mixture of NYVACGag FS PolNef and NYVAC-gp140 at 2 ϫ 10 8 PFU/ml in Tris-buffered saline (TBS). One milliliter was injected intramuscularly into the deltoid of the right arm. The bivalent subtype C gp120 protein boost consisted of 50-g doses each of the TV1 and 1086 gp120s adjuvanted with MF59 (1:1 by volume, mixed shortly before application) at a final protein concentration of 0.1 mg/ml. One milliliter was injected intramuscularly into the deltoid of the left arm.
Blood samples were taken at the time points indicated in Fig. 1 . For T cell analyses, 22 ml EDTA-blood was collected, and for antibody analyses, 5 ml of plasma and clotted blood was collected. Immunological analyses. (i) Peptides. Nine different peptide pools, consisting of 15-mers overlapping by 11 aa and matching the antigens and covering the regions Gag1, Gag/Pol, Gag2/Pol, Pol1, Pol2, Env1, Env2, Env3, and Nef, were used for T cell stimulations.
(ii) IFN-␥ ELISpot assay. Freshly isolated peripheral blood mononuclear cells (PBMCs) were stimulated in triplicate with peptide pools at 1 g/ml, or with phytohemagglutinin (PHA) (2.5 g/ml) as a positive control, while addition of medium only served as a negative control. Millipore 96-well filtration plates were coated with 5 g/ml mouse anti-human IFN-␥ antibody (BD Pharmingen) overnight at 4°C. After blocking with complete RPMI medium for 2 h at 37°C, 2 ϫ 10 5 PBMCs and the peptides/ PHA were added. Plates were incubated at 37°C for 18 to 24 h before washing with cold H 2 O twice and PBS plus Tween (PBST) five times. Biotinylated anti-IFN-␥ antibody (Mabtech) was added at 1 g/ml for 1 h at 37°C, and after washing, a 1:2,000 dilution of avidin-horseradish peroxidase (HRP) (Vector Laboratories) was added, again for 1 h at 37°C. After the final wash, stable DAB (Invitrogen) was added for 2 min. The reaction was stopped by washing with water. After drying, the number of spots in each well was counted with an automated ELISpot reader (CTL ImmunoSpot v5 reader). Animals with more than 50 spot-forming units (SFUs)/10 6 cells and 4 times the week 0 background values for any one of the peptide pools were considered responders (compare to reference 11).
(iii) ICS. Intracellular cytokine staining (ICS) was carried out by the Nonhuman Primate Immunogenicity Core (Roederer lab), Vaccine Research Center, NIAID, as described previously (37) . In brief, cryopreserved blood cells were thawed and rested overnight in medium. For stimulation, peptides or dimethyl sulfoxide (DMSO; negative control) was added at 2 g/ml in the presence of 10 g/ml brefeldin A to 1 ϫ 10 6 to 3 ϫ 10 6 cells in 96-well plates. After 6 h of incubation at 37°C, cells were stored at 4°C until staining. For staining, cells were fixed, permeabilized, and stained with fluorescence-labeled antibodies directed against CD3, CD4, CD8, IFN-␥, interleukin-2 (IL-2), and tumor necrosis factor (TNF) for flow cytometric analysis.
(iv) HIV-1-specific binding antibody assay. HIV-1-specific IgG and IgA antibodies to gp120/gp140 proteins, scaffolded V1V2, p24, and p66(RT) were measured by an HIV-1 binding antibody multiplex assay (Tomaras lab) as previously described (38) (39) (40) . All assays were run under good clinical laboratory practice-compliant conditions, including tracking of positive controls by use of Levy-Jennings charts. Positive controls included HIV immune globulin (HIVIG) and CH58 monoclonal antibody (MAb) IgG titration. Negative controls included in every assay were a blank, MuLVgp70_His6 (empty gp70 scaffold)-coupled beads, and HIV-1-negative sera. To control for antigen performance, we used the preset criterion that the positive-control titer (HIVIG) for each assay (and that for CH58 MAb, for assays with V1V2 antigens) had to be within 3 standard deviations of the mean for each antigen (tracked with a LevyJennings plot with preset acceptance of the titer [calculated with a fourparameter logistic equation]; SigmaPlot [Systat Software]). Antibody measurements were acquired on a Bio-Plex instrument (Bio-Rad, Hercules, CA) using 21CFR Part 11-compliant software, and the primary readout was the mean fluorescence intensity (MFI). Samples not matching the assay's predefined positivity criteria were considered nonresponders with a value of zero. For IgG, MFI data were transformed to values defining the area under the curve (AUC), which resemble the integral of the curve for MFI plotted against the 6-fold dilution series (41) . The following antigens were examined: (i) consensus gp140 proteins of group M (Con S gp140 CF [42, 43] ), clade A (A1.con.env03 140 CF), clade B (B.con.env03 140 CF), and clade C (C.con.env03 140 CF); (ii) primary Env variants 1086 gp120 (clade C), TV1 gp120 (clade C), JRFL gp140 (clade B), and MSA4076 gp140 (clade A1; also known as OOMSA); (iii) gp70_B.CaseA2 V1V2; and (iv) Gag p24 and RT p66.
(v) Neutralization. Neutralization of sera was assessed using the TZM-bl cell assay and the more sensitive A3R5 cell assay, as described previously (44, 45) , by the Comprehensive Antibody Vaccine Immune Monitoring Consortium (CA-VIMC). For the TZM-bl assay (Seaman lab), pseudoviruses carrying the following Envs were used: BaL.26 (tier 1B, clade B), Bx08.16 (tier 1B, clade B), MN (tier 1A, clade B), SS1196.1 (tier 1B, clade B), SHIV-SF162P4 (tier 1A, clade B), SHIV-SF162P3 (tier 2, clade B), MW965.26 (tier 1A, clade C), TV1.21 (tier 1, clade C), and murine leukemia virus (MuLV) (as a negative control). For SHIV-SF162.P3 and SHIV-SF162.P4, primary virus from PBMCs was used in some cases. The pseudoviruses were incubated with the macaque sera, and TZM-bl cells, which express luciferase in a Tat-dependent manner upon infection, were then added. The assay was carried out according to standardized protocols. For the A3R5 cell assay (Montefiori lab), also done according to standardized protocols, viral infectious molecular clones (IMCs) which encoded luciferase on the genome were used. Thus, the enzyme was introduced and expressed in the cells only upon infection. Six different IMCs were used, carrying the ectodomains of env genes of the following tier 2 clade C isolates: CAP45.2.00, Ce1086, Du151.2, Ce1176, Ce2010, and Du422.1. For both assays, the neutralization titer is given as the serum dilution leading to a 50% decrease (IC 50 ) in relative light units between the respective virus and control after subtraction of the background values.
(vi) ADCC assay. The antibody-dependent cellular cytotoxicity (ADCC) assay was carried out by the CA-VIMC ADCC core laboratory as described previously (46) . Briefly, CEM.NKR CCR5 cells were used as target cells after coating with 10 g/ml of recombinant gp120 (from isolate 1086 or TV1) for 90 min. During the last 15 min of incubation, the cells were labeled with fluorescent markers to assess viability and with the target cell fluorescent marker TFL4. PBMCs, including natural killer (NK) cells, were used as effector cells, at an effector-to-target (E:T) ratio of 30:1. The cells were mixed with a granzyme B (GrB) substrate, and finally, the plasma samples were added. After 15 min of incubation, the assay plates were centrifuged and again incubated for 1 h. After washing, cells were analyzed by flow cytometry for the fluorescence signal arising from cleavage of the GrB substrate, and the percent GrB-positive viable cells (minus the background) was calculated for each dilution. The titer of the ADCCmediating antibodies was then calculated by interpolation of the dilution exhibiting a GrB activity matching the cutoff value for positivity of 8%.
(vii) ADCVI assay. The antibody-dependent cell-mediated virus inhibition (ADCVI) assay (Forthal lab) was carried out as described previously (47) . Briefly, CEM.NKR CCR5 cells were used as target cells. After infection with HIV-1 DU156 or HIV-1 DU422 for 1 h, cells were washed, incubated for 3 days, and then mixed with the respective plasma sample and PBMCs, as effector cells, at an E:T ratio of 10:1. After 3 days, cells were washed to remove unbound antibody, and after an additional 4 days, supernatants were harvested and assayed for p24 by enzyme-linked immunosorbent assay (ELISA). The percent virus inhibition was calculated as follows: % inhibition ϭ {1 Ϫ [c(p24)_v/c(p24)_c)]} ϫ 100, where c(p24)_v is the concentration of p24 in tests with plasmas from vaccinated animals and c(p24)_c is the concentration in the control plasmas (average for week 0 samples).
Statistics. Statistical analysis was done using R, version 3.0.2 (The R Foundation for Statistical Computing). Comparisons within groups were done with the Wilcoxon signed-rank test, and differences between groups were assessed using the Wilcoxon rank sum test. P values of Ͻ0.05 were considered significant. Where applicable, Bonferroni correction was employed for multiple comparisons.
RESULTS
Building on the experience from the EuroVacc clinical trials EV01 to EV03 (11, 12, 19) , as well as parallel confirmatory immunogenicity studies performed with rhesus macaques (22), we set out to refine several parameters of our vaccine concept to further augment the strength and quality of the anti-HIV-1 immune response, with a special emphasis on enhancing T cell responses. Optimized antigens were assessed in different immunization schedules. Based on the EV03 study, where three DNA primes and one NYVAC boost gave the best results, we sought to determine (i) if a second NYVAC boost is required to further increase responses, (ii) if an accelerated DNA prime (interval shortened to 2 weeks) gives responses similar to those with the previously applied 4-week interval, (iii) if the time to the NYVAC boost can be shortened, (iv) if the third DNA prime still improves immune responses with the improved antigens, and (v) if coadministering adjuvanted protein during the boost especially increases the humoral responses. With respect to the aim of establishing simplified regimens regarding the overall time frame, we chose to administer NYVAC and the protein component at the same time, into different arms, instead of using consecutive applications. The impacts of the above variations on the magnitude, breadth, and polyfunctionality of T cell responses and on the binding antibody titer, neutralization, ADCC, and ADCVI activity were assessed.
Immunizations. Rhesus macaques were divided into three groups of eight animals each and received DNA primes according to the following schedules: group A, labeled 3xD_4w, received three immunizations with the DNA vaccine (3xD) at 4-week (4w) intervals (i.e., weeks 0, 4, and 8); group B, labeled 3xD_2w, also received three immunizations, but with an accelerated schedule with 2-week intervals (i.e., weeks 0, 2, and 4); and group C, labeled 2xD_4w, received only two immunizations, given 4 weeks apart (i.e., weeks 0 and 4). At each immunization, 2 doses of 2 mg DNA containing a mixture of three plasmids, encoding Gag, PolNef, and Env-gp140, were injected intramuscularly (i.m.) into the upper legs. All groups received two i.m. booster immunizations with a 1:1 mixture of NYVAC-GagPolNef and NYVAC-gp140 (2 ϫ 10 8 PFU in total) in the upper right arm and, at the same time, a bivalent clade C gp120 boost with a total dose of 100 g protein (50 g each of 1086 and TV1 gp120s) adjuvanted with MF59 in the upper left arm. Group A was boosted at weeks 20 and 24 (4-week interval between boosts), and groups B and C were boosted at weeks 12 and 24 (12-week interval between boosts). The immunization schedules are summarized in Fig. 1 .
The animal health monitoring program showed that the vaccinations were safe and well tolerated, with only mild or moderate adverse events. For the general cage-side observations, besides two episodes of mild emesis (group A; after 1st and 2nd DNA immunizations), reduced food consumption (between 11 and 50%) was observed on 11 occasions across groups and immunizations, always on the first day after the immunization. This was likely not a consequence of the immunization itself but of the anesthesia performed and is a commonly observed phenomenon. Only one local reaction was observed, for an animal from group C after the last immunization, with a pink skin discoloration of Ͻ5 cm in diameter at the injection site. Finally, the clinical pathology results showed incidental changes for some parameters (increased hemoglobin, urea nitrogen, and cholesterol levels and increased leukocyte counts), which were again distributed across the groups and immunizations such that an association with the vaccinations is unlikely.
Unfortunately, one animal from group C died from an acute gastric dilatation during the course of the study, 13 weeks after the final immunization. According to the veterinarian overseeing these studies, this incident was considered unrelated to the vaccinations, with the symptoms and onset being more consistent with an event occasionally occurring in this species.
Magnitude of T cell responses. The overall strength of HIVspecific T cell responses elicited over the course of the study was analyzed by IFN-␥ ELISpot analysis. Freshly isolated PBMCs were stimulated with 9 different peptide pools matching all antigens for 1 day, and the numbers of spot-forming units (SFUs) were determined as a measure of the magnitude of HIV-reactive T cells. The results over time are depicted in Fig. 2 .
Repeated DNA priming led to increasing numbers of HIVspecific T cells, reaching medians of 688 (group A; 3xD_4w), 785 (group B; 3xD_2w), and 703 (group C; 2xD_4w) SFUs/10 6 cells 2 weeks after the last DNA vaccination. Three animals, 1 in group A and 2 in group B, reached peak values of Ͼ2,000 SFUs/10 6 cells 2 weeks after the 3rd DNA vaccination. The administration of a third DNA prime in group A (4-week intervals) did not lead to a further increase in SFUs 2 weeks after the last DNA vaccination, and the final level was comparable to that obtained for group C, with only two DNA primes. For the accelerated regimen (group B), the numbers of SFUs were similar 2 weeks after the first (median, 210/10 6 cells) and second (median, 215/10 6 cells) primes and increased after the third prime, to levels obtained for the other regimens at the same point in time (6 weeks after the first or 2 weeks after the last DNA immunization). Thus, the different priming regimens performed equally well. All but one animal from group B and two animals from group C could be classified as responders, with SFU numbers exceeding the threshold criteria. Six weeks after the last DNA prime for groups B and C, the numbers of SFUs had decreased again, to medians of 535 and 250 SFUs/10 6 cells, respectively. Thus, neither the acceleration of the intervals between the three DNA immunizations from 4 weeks (group A; 8-week prime) to 2 weeks (group B; 4-week prime) nor the reduction from 3 to 2 DNA immunizations (group C; 4-week prime) had a negative impact on the total number of HIV-specific, IFN-␥-producing T cells.
Boosting with the NYVAC-protein combination led to a vigorous increase within 2 weeks, to median numbers of SFUs of 4,390, 3,088, and 3,453 per million PBMCs for groups A, B, and C, respectively. Similar to the responses upon priming, there were no statistically significant differences between the groups after the booster immunizations. Eight animals developed more than 5,000 SFUs/10 6 cells after the 1st NYVAC boost (three in group A, three in group B, and two in group C), with a top score of 9,880 SFUs/ 10 6 cells for one animal in group A. All animals in all groups could clearly be classified as responders. Over the 12 weeks following the first NYVAC/protein boost, the numbers of SFUs again declined (median of 1,218/10 6 cells for group B and 588/10 6 cells for group C at week 24). Reboosting at week 24 elicited responses that were similar in magnitude to those shortly after the first boost and were comparable between the groups (medians of 4,155, 4,508, and 3,098 SFUs/10 6 cells at week 26). Again, all animals were classifiable as responders. The T cell responses waned until the final assessment at week 40, to medians of 1,108, 1,145, and 920 SFUs/10 6 cells, again without exhibiting any statistically significant differences. Thus, the NYVAC/protein immunization clearly boosted the DNA-primed immune responses and was equally effective when applied 8 weeks after the final DNA prime as opposed to the conventional 12-week time point.
Quality of T cell responses. Next, we assessed the quality of the T cell responses obtained 2 weeks after completing the regimen (week 26), i.e., after the final NYVAC/protein boost, when all animals exhibited strong responses in the ELISpot analysis. To assess the ratio of HIV-specific CD4 ϩ and CD8 ϩ T cells as well as their cytokine release profiles, cells were stained with fluorescently labeled antibodies against the surface markers CD3, CD4, and CD8 and the intracellular cytokines IFN-␥, IL-2, and TNF.
All three regimens elicited similar magnitudes of HIV-specific CD4 ϩ and CD8 ϩ cells (Fig. 3A) , with no statistical differences. The overall frequency of HIV-specific cells was rather high, with medians of 1.5% CD4 ϩ and 1.0% CD8 ϩ T cells, on average. Thus, the ratio of CD4 to CD8 cells was balanced, with a factor of only 1.5 between them. Patterns of cytokine release were not significantly different between the groups (Fig. 3B) . The level of polyfunctionality was high, with 61% of CD4 ϩ and 44% of CD8 ϩ cells, on average for all three groups, secreting all three of the cytokines assessed. Twenty-six percent and 13% of CD4 ϩ cells and 39% and 17% of CD8 ϩ cells secreted two and only one of the cytokines, respectively. Group C showed a trend toward a slightly smaller fraction of CD8 ϩ cells (but not CD4 ϩ cells) secreting all three tested cytokines (34%) than those for groups A (49%) and B (48%).
Regarding the distribution of HIV-specific T cells among the different antigens, Env-specific T cell responses were slightly more pronounced for all three groups than T cell responses directed against Gag/Pol and the small Nef protein. Considering the responses of all 24 animals of groups A, B, and C, 57% of all T cell responses were Env specific, whereas 41% were directed against GagPol and 2% against Nef (Fig. 3C ). There was a tendency for slightly higher Nef and Gag/ Pol responses for CD8 ϩ T cells than for CD4 ϩ T cells. Furthermore, group B seemed to show a slight trend toward more pronounced GagPol-specific CD8 ϩ responses (52%) than those of groups C (42%) and A (37%). However, none of the observed trends reached statistical significance. In conclusion, all the tested immunization regimens elicited a balanced ratio of CD4 to CD8 cells and a high degree of polyfunctionality. The proportions of GagPolNef-versus Env-specific responses were well balanced compared with the Env polarization of the previous antigens (22) .
Binding antibody responses. Vaccine-induced IgG and IgA binding antibodies were measured using a multiclade envelope panel (gp140 consensus proteins of group M, clades A, B, and C; selected primary gp120/gp140 proteins) as well as MuLV gp70-scaffolded V1V2 (gp70V1V2), p24 Gag, and the p66 subunit of RT.
All three groups already showed measurable IgG responses to consensus clade C gp140 (Fig. 4A) after completion of the DNA primes, i.e., AUC value of 5,000 at week 10 for group A and AUC values of 700 and 400 at week 6 for groups B and C, respectively. The difference between group A and groups B and C is statistically significant (P ϭ 0.0002 and 0.0006; Wilcoxon rank sum test). The magnitude of the antibody response further increased after the NYVAC/protein boosts (on average, 49-fold after the 1st boost and slightly [1.3-fold] after the 2nd boost) and declined again until the final measurement at week 40 (11-fold, on average). The time courses for the other three consensus gp140 proteins and the representative clade A and B gp140 proteins, as well as the gp120 proteins, exhibited very similar kinetics (Fig. 4C) . We also detected significant antibody responses to gp70V1V2 for the time point after the second NYVAC/protein boost (Fig. 4B) . At week 26 (2 weeks after completion of the immunization regimen), the magnitude of the mean IgG response was highest for the consen- sus clade C gp140 protein, followed by the group M gp140, clade C TV1 and 1086 gp120, consensus A, clade B JRFL gp140, consensus B gp70V1V2, and clade A MSA4076 gp140 proteins (Fig. 5A ). Yet the median AUC values for IgGs toward the diverse HIV-1 envelope glycoproteins were within 1 order of magnitude (factor of 2.7 between the consensus C and MSA4076 proteins). The ranking was almost the same at week 40 (Fig. 5B) . Mean p24 responses exceeded even the best Env responses (by a factor of 1.2).
As observed for the T cell responses, the accelerated and DNAsparing regimens were similar to the full regimen in comparisons of overall antibody titers after the two boosts.
Furthermore, the magnitude of serum IgA responses was mea- sured simultaneously. As shown in Fig. 6A for clade C consensus gp140 and 1086 gp120, overall responses were rather low (barely above the background levels) and were observed only at the late time points after the NYVAC/protein boosts. Responses significantly above the week 0 preimmunization background were not observed. In general terms, the responses were negligible, and consequently, no differences between the groups were evident. Data for the other antigens are shown in Fig. 6B . Neutralizing antibody responses. Furthermore, the capacity of the obtained sera to neutralize various Env isoforms was assessed with the TZM-bl cell assay and the more sensitive A3R5.7 cell assay. For the former, pseudotyped viruses carrying one of eight different Env isolates or MuLV (as a negative control) were incubated with sera obtained from immunized monkeys before addition of TZM-bl cells, which express luciferase upon infection. The serum titer which led to 50% neutralization was calculated, and the results are shown in Fig. 7 . Only for the highly neutralization-sensitive tier 1A clade C isolate MW965.26 (48) was significant neutralization obtained for the late time points, i.e., after the first and, with a trend toward higher titers, second NYVAC/protein boosts (Fig. 7A) . Some of the sera also showed a trend toward neutralizing the highly sensitive tier 1 clade B MN and SF162P4 Envs at week 26 (Fig. 7B) . We also assessed the capacity of the sera to neutralize six different tier 2 clade C Envs in the context of infectious molecular clones by using the sensitive A3R5 neutralization assay. However, no neutralizing activity was detected (Fig. 8) . In total, the serum neutralizing antibody response was very poor, and there were no differences between the various immunization regimens.
ADCC and ADCVI responses. Finally, we analyzed plasma samples from the vaccinated macaques for the capacity to mediate nonneutralizing antibody effector functions dependent on Fc receptor engagement. For this purpose, we performed an ADCC assay that measures the antibody-mediated killing of antigencoated cells by NK cells. CEM.NKR CCR5 target cells were coated with the gp120 protein of the 1086 or TV1 isolate, which was homologous to the proteins used for the booster immunizations. ADCC activity was not observed until boosting with NYVAC/ protein (Fig. 9A) . Two weeks after the first boost, only a trend toward some ADCC activity was apparent. However, the titers at week 26, after the second NYVAC/protein boost, were statistically significantly above the week 0 background titers for group C with 1086 gp120 and all groups with TV1 gp120. Interestingly, group C had significantly higher titers than those of group A at week 26, reaching median values of at least 10 5 for TV1, as opposed to 9 ϫ 10 3 for group A. No significant differences in the magnitudes of group B and C ADCC responses were observed. Moreover, we performed an ADCVI assay on the week 26 plasma samples. In this assay, noncytolytic Fc receptor-mediated functions exerted by the effector cells are encompassed along with the cytolytic ADCC activity to gain a more comprehensive picture of the nonneutralizing antibody effector functions. The ADCVI antibody activities measured against two tier 2 viruses (DU156 and DU422) were very similar for all groups, exhibiting 34% inhibition, on average, for both viruses tested (Fig. 9B) .
DISCUSSION
Within the EuroVacc program, our group has developed candidate HIV vaccines which have been tested in various DNA prime and poxvirus (NYVAC) boost regimens in macaques and humans.
The immunizations were well tolerated and elicited good T cell responses, albeit mainly directed against Env, whereas antibody responses were rather low (11, 12, 19, 22) . In the present study, we evaluated the immune responses elicited by a second generation of improved antigens in rhesus macaques. Different DNA-priming regimens in combination with NYVAC/protein boosts were compared in order to determine the optimal number of immunizations and to assess if the intervals between immunizations could be shortened. The magnitude and quality of T cell responses, as well as antibody titers, neutralization activity, and Fc-mediated nonneutralizing effector functions, were analyzed.
The concomitant general monkey health monitoring demon-strated that the vaccine formulations were safe and well tolerated. There was no apparent toxicity, and local reactions at the inoculation sites were generally mild in nature and resolved quickly. More intense preclinical safety analyses are ongoing or planned and will be conducted before initiation of clinical studies. With respect to the magnitudes of HIV-specific T cell responses after application of the DNA prime immunizations, there were no statistically significant differences between the groups. The accelerated regimen, with intervals shortened to 2 weeks (group B), and the regimen sparing one dose (group C) led to comparable numbers of IFN-␥-producing cells, as did the reference regimen matching the priming scheme of the EV03 clinical trial (group A). Interestingly, in group B, T cell responses at week 4 -2 weeks after the second DNA prime-resembled those at week 2, while a statistically significant increase was not evident until week 6 -2 weeks after the third DNA prime. However, the values at the latter time point resemble those for groups A and B after only two immunizations. Thus, an accelerated regimen does not result in an accelerated increase in the magnitude of T cell immune responses. It is possible that saturating amounts of the antigens are expressed from the plasmid vectors over the 4-week interval and thus that an additional injection has no benefit during this time frame. In mice, antigen expression peaks 1 to 2 weeks after administration of DNA and then declines over several weeks (49) , though this may vary depending on the choice of plasmid vector and on its promoter/enhancer elements (50). Moreover, in group A, there were no differences in responses after the second and third immunizations. This further confirms that the chosen combination of expression vector and antigen provides saturating amounts of antigen necessary for priming T cell responses. In fact, the absolute magnitude of T cell responses was rather high, with nearly 0.1% of all PBMCs being HIV-specific T cells at this early stage in the course of vaccination. Compared with the EV02 scheme (12) , which elicited responses of similar magnitudes in both macaques and humans (22) , the peak responses after DNA priming were Ͼ6-fold higher in the present study, even surpassing the levels obtained with the best first-generation DNA-NYVAC combination regimens at any time point.
Boosting with NYVAC/protein augmented T cell responses 5-fold, resulting in a nearly 10-fold improvement compared with that of the EV02 scheme in macaques (22) . Shortening the time to boosting from 12 weeks to 8 weeks (groups B and C versus group A) was not detrimental, thus allowing for a shorter vaccination course. Interestingly, while the second boost clearly led to increased numbers of HIV-specific T cells within 2 weeks, the level was comparable to that observed 2 weeks after the first NYVAC/ protein boost, without statistically significant differences within and between groups. Therefore, the T cell responses after the last vaccination might be only anamnestic in nature. However, it would be important to determine if T cell responses at the two time points differed qualitatively, which was not assessed in this study. If there are no differences, further narrowing of the vaccination course by omitting the second boost should be considered when focusing on T cell responses. Regarding the durability of the responses, 16 weeks after the final boost, i.e., at week 40, T cell magnitudes had declined again to levels similar to those beforehand. Another boost would likely again cause an anamnestic response of similar strength in a similar time frame. Employing poxvirus vectors with replication capacity in humans, such as the NYVAC-KC variant (51), or with optimized immunostimulatory capacity, e.g., by removal of Toll-like receptor (TLR)-inhibitory factors (52) or inhibitors of the interferon system (53), might further augment the immune responses.
A deeper analysis of the T cell responses at week 26 revealed a generally high quality. The responses were well balanced between CD4 and CD8 cells, and the majority of cells were polyfunctional, secreting all three cytokines assessed, and thus exhibited a phenotype associated with protective antiviral responses (54) . Importantly, breaking down the responses to the individual target proteins also showed balance, with improved GagPol-specific responses compared to those in the previous studies, where antiEnv responses were primarily observed. Most likely, this is a consequence of the improved antigen configuration, i.e., splitting of Gag, PolNef, and gp140 in the context of the DNA vaccine or using Gag FS PolNef in the context of NYVAC. This outcome was predicted by previous mouse immunogenicity studies of our redesigned antigens and is likely related to the increased expression levels, especially of Gag (27, 32) . Similar observations were made in cynomolgus monkeys and humans after splitting of a differently designed Gag-Pol-Nef fusion protein into three parts which were subsequently delivered as a mixture of three plasmids rather than one (16, 28, 29) .
Overall, for the T cell responses, the additional benefit of a third DNA prime as observed in the EV03 study seems to be compensated for by employing improved antigens, which per se elicit higher-magnitude and better-quality T cell responses. Moreover, a second NYVAC/protein boost seems to be dispensable.
The analyses of the humoral responses revealed that the highest antibody binding titers were against a clade C consensus gp140 protein, consistent with the use of clade C Env antigens in our study (96ZM651 gp140 in the case of DNA and NYVAC immunizations and TV1 and 1086 gp120s in the case of protein immuni- zations). Accordingly, the homologous TV1 and 1086 gp120 proteins were also bound at very high titers after the boosts, while the clade A and B sequences were inferior targets. Evaluation of IgG titers 2 weeks after the completion of DNA priming showed that group A (3xD_4w) exhibited significantly higher titers than those of groups B and C. This was likely a consequence of the longer time from the first immunization until measurement (10 weeks as opposed to 6 weeks) and might have been similar if all groups had been analyzed at week 10. Accordingly, at the late time points after the boosts when samples were collected in parallel, no differences were apparent between the groups. As for the T cell responses, antibody titers also waned until week 40. It would be interesting to see with what kinetics and to what level titers would rise after an additional boost; however, this was not part of the study design. Moreover, it would be interesting to assess how different adjuvants affect not only the magnitude of peak responses but also the subsequent kinetics of decline. Additionally, we found that IgG antibodies to V1V2 were induced. These responses are of special interest because V1V2-directed IgG correlated with a decreased risk of HIV-1 infection in the RV144 trial (55), especially when mediated by the IgG3 antibody subtype (40, 56) . However, due to differences in rhesus IgG subclasses compared to those of humans, the equivalent to human IgG3 cannot, to date, be examined in the rhesus macaque model. Serum IgA levels, associated with mitigation of protective responses in RV144 (55), were very low in our study.
We also assessed the virus neutralization activity in macaque sera. With the exception of activity toward the neutralizationsensitive tier 1A MW965.26 Env, no neutralization activity was observed in either the TZM-bl cell assay or the more sensitive A3R5 cell assay, which employed tier 2 viruses. Thus, our vaccination regimens elicited conventional antibody responses rather than (broadly) neutralizing ones (57). This is not surprising considering the configuration of Env antigens employed here: while gp140 was used in the DNA and NYVAC vectors, the protein boosts used gp120 variants because they were the only good manufacturing practice (GMP) material available at the time of the study. Although gp120 is highly immunogenic, several studies have shown that gp140 elicits qualitatively better responses, especially with regard to the neutralizing capacity of the antibodies induced (58, 59) . Currently, major efforts are being put into the rational design of next-generation envelope antigens (60), such as trimer-stabilized SOSIP variants (61, 62) . Furthermore, strategies are being pursued to direct elicitation of broadly neutralizing antibodies by using sets of guide immunogens from activation of germ line B cell receptor precursors toward evolution of affinitymatured antibodies (57, 63) . Thus, future HIV vaccine trials will hopefully benefit from such approaches toward development of better envelope antigens.
Finally, we assessed the capacity of macaque sera to mediate ADCC and ADCVI activities, both of which rely on Fc-Fc␥R interactions (64) . These antibody functions have also been implicated in preventing and modulating lentiviral infections (23) . ADCC titers significantly above the background level were observed, in a range previously described as being associated with virus inhibition (65), although we tested this only against the homologous gp120 antigens. The inhibition due to ADCVI was slightly lower than that in other studies (65, 66) , but still in a range where it may contribute to a reduction of the plasma viral load.
Overall, for the humoral responses, the two NYVAC/protein boosts are necessary to obtain high-titer and functional responses. We believe that this is driven mainly by the very potent adjuvanted gp120 protein component. Overall, there were only small differences between the groups. Although group A seemed to be slightly superior before the boost, the group C ADCC response was significantly larger than that of group A (but there were no significant differences for group B and either group A or C) after the boost. Moreover, in several analyses, there were trends toward better responses for group C (2xD_4w). Thus, humoral responses do not profit from a third DNA prime immunization. Looking at durability overall, though very high peak responses were observed after the final booster immunization, responses waned over the following 16 weeks. A decline in the absence of further stimulation is of course expected, yet it would be interesting to know whether the memory responses recalled in the case of an infection would be rapid and efficacious enough to prevent infection, or at least to mitigate the set-point viral load. Given the limited knowledge on correlates of protection, it is hard to rate the quality of the memory responses observed here. It was reported for the RV144 trial that efficacy peaked after 1 year, at 60.5% (67) , and then declined, reaching 31.2% after 3.5 years (5). Analysis of the neutralizing antibody responses of trial participants also revealed a strong decline of these responses within 6 months (68). Therefore, it would be generally interesting to gather more data on the kinetics of immune responses to our vaccine candidates, especially for the rate of decline and the final long-term levels.
The efficacy of our vaccine candidates was not assessed because only limited conclusions would have been possible for the HIVderived antigens by performing a challenge with an SHIV strain. Indeed, a repeated intrarectal low-dose SHIV challenge would have captured only the effects of Env-specific humoral and cellular responses and would have neglected a potential contribution of HIV-specific Gag-, Pol-, and Nef-specific T cell responses. Therefore, an analogous study using matched simian immunodeficiency virus (SIV) antigens might-within the borders of the applied challenge model-prove useful for assessing the protective efficacy of the vaccine concept. Thus, challenge with an infectious SIV strain might reveal whether the CTL or humoral responses, alone or in combination, do contribute to protection against infection, or at least against disease. In conclusion, our findings suggest the following. (i) A second NYVAC/protein boost might be dispensable for T cell responses, although further analyses of the T cell quality will be required for confirmation. (ii) In addition, both an accelerated priming regimen and a dose-sparing regimen perform as well as a conventional one for both T cell and humoral responses, suggesting that a third DNA prime may not be necessary with the improved antigens. (iii) Finally, the first NYVAC/protein boost can safely be applied 1 month earlier, without compromising the booster effect.
Therefore, we speculate that a simplified regimen consisting of two DNA/protein primes plus a single NYVAC boost in an overall scheme of only 12 weeks might elicit comparable or even superior immune responses. Because the humoral responses most likely profit from immunization with adjuvanted protein, we propose to apply the protein component alongside the DNA primes. It has been described that DNA-protein codelivery elicits humoral responses superior to those obtained with either component alone or with a DNA prime-protein boost scheme (69, 70) . However, repeated administration of protein might skew the subclass ratio of HIV-specific IgGs in an undesired manner (40) , so the number of protein immunizations should be chosen carefully. In addition, the optimal length of the interval between protein applications should be determined, as this may have a major impact on the quality of the memory responses. Moreover, antibody responses might benefit from employment of rationally designed next-generation envelope antigens, but these have yet to show their benefits and efficacy.
In summary, this work provides insights into how to streamline vaccination regimens which might be applicable to humans. Fewer immunizations and shorter intervals between immunizations will surely be of ultimate benefit for the purposes of raising protective immunity more quickly, improving compliance, and reducing costs, which are especially important factors in resourceconstrained settings. However, the impacts of these vaccine candidates and proposed modified regimens on vaccine efficacy remain to be evaluated in humans.
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